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(57) Abstract 

In a process for making pigment-grade 
T1O2 coated with a metal oxide, a thermally de- 
composable volatile titanium-containing precur- 
sor is introduced into a reactor. The titanium- 
containing precursor is thermally decomposed 
within the reactor to form HO2 pigment particles. 
Subsequently, one or more thermally decompos- 
able volatile metal-containing coating precursors 
are injected into the reactor. The one or more 
metal-containing coating precursors are reacted 
within the reactor to form a coating of the one 
or more metal oxides on the T1O2 pigment par- 
ticles. 
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COATING OF TiO ? PIGMENT BY GAS -PHASE AND SURFACE 

REACTIONS 

Technical Field 

This invention pertains to a process of 
5 coating titanium dioxide particles with metal 

oxides by gas-phase reaction. 
Background Art 

The gas -phase reaction of TiCl 4 and 0 2 is 
used to make particulate Ti0 2 often of a size 

10 useful as a white pigment. The pigment particles 

are usually not used in typical applications such 
as paint without first coating them with materials 
including, but not limited to, Si0 2 , A1 2 0 3 and 
mixtures thereof. To coat the particles, they are 

15 typically collected from the gas and dispersed in 

a liquid where the coating is applied by 
precipitation. This liquid-phase coating process 
often results in coatings with high surfaces 
areas, high oil absorption, and non-uniform 

20 thickness. 

U.S. Pat ent 4.803.056 describes a method 
for increasing the capacity of a titanium dioxide 
producing process. Titanium tetrachloride is 
added at a second point in the system downstream 

25 of the main inlet for titanium tetrachloride to 

increase the yield of Ti0 2 . The process is 
exclusively used for the production of uncoated 
titanium dioxide. The addition of other reagents 
at the second point of introduction in' order to 

30 produce a coating on the Ti0 2 particles is not 

suggested or disclosed. 

Hung and Katz (J. Mater. Res., 7, 1861 
(1992)) disclose a process for forming coated 
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particles in a flame. For example, non-pigmentary 
TiO, can be coated with SiO, in a flame reactor 
.hereby TiCl, and SiCl 4 are added 
into the same flame . The reaction conditxons must 
be carefully adjusted such that Tx0 2 condenses 
before Si0 2 in order to achieve a coatxng of SxO 
on the already formed Ti0 2 particles. It xb 
difficult to reliably produce Si0 2 -coated Tx0 2 
particles of a uniform quality in terms of sxze 
0 and coating hardness with this process 

It is therefore an object of the present 
invention to provide a simple and reliable process 
for coating Ti0 2 pigment particles in the gas 
phase to give coatings with low surfaces areas, 
L5 low oil absorption, and uniform thickness. 

Disglaagg °* ^° Tmrantion 

The process for making pigment-grade 

Ti0 2 coated with a metal oxide according to the 
present invention is primarily characterized by 

, 0 the following steps: 

introducing a thermally decomposable 

volatile titanium-containing precursor into a 

reactor/ 

thermally decomposing the titanium- 
containing precursor within the reactor to form 

Ti0 2 pigment particles; 

subsequently injecting at least one 
thermally decomposable volatile metal-containing 
coating precursor into the reactor; and 

*-Via at least one metal - 
reacting tne at j-"* 

containing coating precursor within the reactor to 
form a coating of at least one metal oxrde on the 
Ti0 2 pigment particles. 
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Preferably, the coating is selected from 
the group consisting of Si0 2 , Al 2 0 3 , Zr0 2 , and mixed 
metal oxide. The mixed metal oxide is expediently 
[Si0 2 ] x [Al 2 0 3 ] y with x = 0-1 and y = 0-1. 
5 The titanium- containing precursor is 

selected from the group consisting of TiCl 4/ TiBr 4/ 
and Ti(OR) 4/ wherein R is an alkyl group. 

The method advantageously further 
comprises the step of adding a thermally 

10 decomposable volatile aluminum- containing 

precursor to the titanium-containing precursor to 
form Al-doped Ti0 2 . As is well known in the art, 
water may also be added to control the particle 
size of the formed Ti0 2 pigment particles. 

15 The metal -containing coating precursor 

is selected from the group consisting of SiX 4 , 
A1X 3/ and ZrX 4 , wherein X is CI, Br or OR, R being 
an alkyl group. However, other metal-containing 
coating precursors can be used equally 

20 successfully. For example, they may be selected 

from the group consisting of metal alkyls, metal 
alkenyls, metal alkynes, metal allyls, 
metallocenes, metal cyclopentadienes, metal 
arenes, metal alkoxides, and metal fi-diketonates, 

25 all well known to a person skilled in the art. It 

is also possible to use metal carbonyls, metal 
oxyhalides, and metal hydrides. 
« The method further comprises the step of 

adding a co-reactant, preferably water, to the 

30 metal -containing coating precursor. It is known to 

a person skilled in the art that water may be used 
to modify or control the reaction of the coating 
precursor. 
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The reactor is advantageously a tubular 

flow reactor. 

The method further comprises the step of 

selecting a location for an injection element for 
injecting the at least one metal-containing 

j.,m»h«iaiii of a TiO,- formation 
coating precursor downstream oi a ny 2 

zone of the tubular flow reactor. 

The injection element is selected from 
the group consisting of a slot, a porous wall 
element, an annular segment of a coaxial tube of 
the tubular flow reactor, and a radially extending 

injection port. 

in a preferred embodiment of the present 

invention, at least two of the metal -containing 
coating precursors are injected at a single point 
through an injection element selected from the 
group consisting of a slot and a porous wall 
segment . 

The inventive method according to 
another embodiment further comprises the step of 
selecting a plurality of locations for injection 
elements for injecting at least two of the metal- 
containing coating precursors downstream of a 
T i0 2 -formation zone of the tubular flow reactor. 
The coating precursors may be injected as 
mixtures, or separately but simultaneously at the 
same point in the reactor, or may be injected 
separately at different points in the reactor to 
produce mixed oxide coatings or to produce a 
coating comprising separate layers of metal 
oxides. The injection elements are selected from 
the group consisting of a slot, a porous wall 
element, an annular segment of coaxial tube of the 



tubular flow reactor, and a radially extending 
injection port. 

Preferably, each separate coating layer 
has a thickness of 1-100 nm. Advantageously, the 
coating has a total thickness of 1-100 nm. 

The step of thermally decomposing 
includes the step of heating by fuel combustion, 
by conduction or by a plasma arc for initiating 
the formation of Ti0 2 . 

The step of introducing the titanium- 
coating precursor includes the step of selecting 
a first and a second location of introduction, 
wherein the second location is arranged downstream 
of the first location. 

The step of introducing the titanium- 
containing precursor and/or the step of injecting 
the metal -containing coating precursor may include 
the step of employing a carrier gas, for example, 
oxygen . 

Preferably, the method further comprises 
the step of collecting the Ti0 2 pigment particles 
downstream of the flow reactor. 

Advantageously, the reactor is 
maintained at atmospheric pressure during the 
inventive process. It is also possible to maintain 
less than atmospheric pressure (vacuum) within the 
reactor or perform the inventive process at a 
pressure of 1 to 10 atm (atmospheres) within the 
reactor . 

The present invention describes a gas- 
phase method for making coated pigment grade Ti0 2 . 
It allows multi- component coatings and multilayer 
coatings. The coatings produced by the inventive 
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process are dense and have low oil 
L inventive process eliminates the need to 
collect the particles bsfore the coating can be 
applied thereby simplifying the manufacturing 

PrOCe68 ' According to the present invention TiO, 
pigment particles are produced by a gas-phase 
reaction o£ titanium-containing precursors for 
example. Tlx., suspended in a gas stream and are 
then coated »ith a coating o£ metal oxide <s) 
produced by gas-Phase and surface reactions of 
thermally decomposable volatile metal atom- or 
ion-containing coating reactants introduced at a 
single point or multiple points into a tubular 
flew system at a location downstream of the 
formation zone in which the TiO, pigment parties 

are fully formed. „,.„,,.,. 

The inventive system or apparatus 

consists of three sections including 
a tubular flow formation zone in which the TiO 
particles are formed, s zone in which the 
thermally decomposable volatile metal atom- or 
ion-containing coating reactants (precursors) are 
introduced into the gas stream carrying the TiO, 
particles to be coated, and , coating zone in 
Which the TiO, particles are coated by the metal 
oxide (s) bsing formed from the metal-containing 
coating precursor (s) . 

in a first step, the titanium dioxide 
particles are formed by gas-phase reaction. 
Subsequently, the volatile metal -containing 
coating precursors are injected which react in the 
gas phase as well as on the surface of the 



titanium dioxide particles to form a coating. The 
coated particles are then collected at the exit of 
the flow reactor. Thus, the invention described 
here relies on sequential particle formation and 
particle coating. 
Brief Description of the Drawing 

The object and advantages of the present 
invention will appear more clearly from the 
following specification in conjunction with the 
accompanying drawing, in which the only Figure 
schematically shows the system for coating 
particles according to the present invention for 
a specific embodiment. 

Best Modes for Carrying our the Invention 

The present invention will now be 
described in detail with the aid of several 
specific embodiments utilizing the only Figure in 
which a specific embodiment is illustrated. 

The inventive system consists of the 
following components : a pigment particle generator 
(particle formation zone) , an introduction zone 
for the thermally decomposable volatile metal- 
containing coating precursor ( react ant ) , and a 
coating zone. In the particle formation zone, 
TiCl 4 reacts with 0 2 to form respective Ti0 2 
particles (illustrated as small circles) . The 
drawing shows the introduction of three thermally 
decomposable volatile metal-containing coating 
reactants downstream of the particle formation 
zone: MI^, M'L,,, and M"!^ where M, M' , M" 
represent a metal atom and L represents a ligand 
attached to the metal atom. However, the reaction 
of only one coating reactant ML n is shown. It is 
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schematically shown that the reaction to form the 
met al oxide can take place in the gas phase 
(formation of small particles, illustrated 
small cross-hatched circles) which are then 
"ptured by the preformed TiO, particles to form 
the coating or can take place at the surface of 
the TiO, particles resulting in a direct coating 
of the Ti0 2 particle (the produced coating is 
schematically represented by cross-hatching) . 

Preferred compounds are, for example, 
SiCl 4 , SiBr„ Si(OR)„ AlCl s , AlBr 3 , *(«,. ™1 
ZrBr„ and Zr(0R) 4 . It is obvious to those skilled 
in the art that other types of precursors of 
various structures can be used, for example, 
coating precursors with organic ligands such as 
m etal alkyls, metal alkenyls, metal alkynes metal 
allyls, metallocenes, metal cyclopentadienes, 
me tal arenes, metal alkoxides, and metal 6- 
diketonates or coating precursors with inorganic 
ligands such as metal carbonyls, metal oxyhalides, 
and metal hydrides. The given compounds are 
examples only and not meant to limit the scope of 

the inventive process 

The drawing shows the sequential nature 
of the process in which the particles are formed 
first followed by introduction of the thermally 
decomposable volatile metal -containing coating 
reactants, and then coating. It is also obvious 
that only one or a plurality of thermally 
decomposable volatile metal -containing coating 
reactants can be used, as desired and needed for 
the Ti0 2 Pigment product properties. Thus, the 
invention is not limited with respect to the 



number of thermally decomposable volatile metal - 
containing coating reactants that can be used, the 
order in which they are introduced into the 
reactor, or the type of thermally decomposable 
volatile metal -containing coating reactant. 

It is also possible to use an additional 
metal compound as a dopant together with the 
titanium-containing precursor. For example, TiCl 4 
as a titanium precursor can be mixed with A1C1 3 , 
introduced into the reactor with oxygen (carrier 
gas) at a temperature of about 900 °C or higher, 
and reacted in a tubular flow system to give Ti0 2 
particles containing Al. It is obvious to those 
skilled in the art that other types of dopants can 
be added to the titanium- containing precursor 
without departing from the scope of the present 
invention. In this context it should also be 
mentioned that water can be added, as is well 
known in the art, in order to help adjust or 
control the Ti0 2 particle size. 

It is well known to persons skilled in 
the art that the particle formation and particle 
coating within the reactor occur over a short 
period of time. The gas stream exiting from the 
reactor is cooled to allow collection of the 
coated particles. 

The gist of the present invention is the 
addition (injection) of a thermally decomposable 
volatile metal -containing coating reactant into a 
reactor tube at a location downstream of the zone 
in which the Ti0 2 particles are formed, but where 
the temperature is still high enough to cause 
reaction of the thermally decomposable volatile 
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metal-containing coating reactants both in the gas 
phase and on the surfaces of the Ti0 2 pigment 
particles . 

It is possible to add only a single 
thermally decomposable volatile metal -containing 
coating reactant, such as SiCl 4 , in order to give 
a coating of one material (Si0 2 in the given 

example) . 

However, it is also possible to add two 
thermally decomposable volatile metal -containing 
coating reactants at the same time to give a 
single coating which is a mixed oxide of the two 
metals. For example, Six, and A1X 3 can be added 
together resulting in a mixed oxide [Si0 2 ] x [Al 2 0 s ] y 
wherein essentially any ratio between the two 
oxides is possible. In this case it is desirable 
to match the reaction temperatures of the 
thermally decomposable volatile metal -containing 
coating reactants to allow reaction at the same 

location in the reactor. 

in another embodiment of the present 
invention, two or more thermally decomposable 
volatile metal -containing coating reactants are 
added sequentially to give a coating comprised of 
two or more layers of individual metal oxides. 

The invention can be carried out in a 
variety of apparatus configurations. The 
preferred embodiment is a tubular flow system in 
which the thermally decomposable volatile metal- 
containing coating reactants are introduced from 
the exterior of the reactor tube into the reactor 
tube at points downstream of the zone in which the 
Ti0 2 particles are formed but where the 
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temperature is still high enough to cause reaction 
of the thermally decomposable volatile metal- 
containing coating reactants both in the gas phase 
and on the surfaces of the particles. 

Various approaches can be used to 
introduce the thermally decomposable volatile 
metal-containing coating reactants into the 
reactor. For example, the thermally decomposable 
volatile metal -containing coating reactants can be 
added through a porous wall or through radially 
extending injection points. It is also possible to 
use coaxial injection. Those skilled in the art 
realize other methods that are also equally 
viable . 

The temperature at which the thermally 
decomposable volatile metal -containing coating 
reactants are to be decomposed must be 
sufficiently high in order for the coating 
reactants to react at the surface of the Ti0 2 
particles or for the particles of the coating 
material, formed in the gas phase, to be able to 
collide with the Ti0 2 pigment particles and fuse 
into their surfaces. Temperatures that are too 
low result in formation of separate particles 
comprised of the coating material that are not 
incorporated into the coating. Temperatures that 
are too high result in reaction of the coating 
material with the particle to be coated, i.e., the 
metal (s) of the coating material and the Ti0 2 
particle react to form mixed metal oxide phases 
thus degrading the Ti0 2 pigment particle 
properties. 

For the coating of Ti0 2 with Si0 2 using 
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SiCl„ the temperature must be greater than 1300°C. 
When*' Ti0 2 is to be coated with Al 2 0 3 , the 
temperature must be greater than 1100-C. For 
coating Ti0 2 with a mixed Si/Al oxide, the 

5 temperature must be greater than 1200°C. However, 

in any case, the temperature must not be too high 
in order to prevent interdif fusion and/or reaction 
between Ti0 2 and the coating material. 

The flow reactor can be heated to the 

10 required reaction temperature by conventional 

methods such as fuel combustion, conduction, a 
plasma arc or other means well known to a person 

skilled in the art. 

Especially for large scale production 

15 processes, it is known in the art to use the 

energy derived from the exothermic reaction of the 
Ti-containing precursor with oxygen for heating 
the flow reactor to the desired reaction 
temperature when the gaseous reactants (Ti- 

20 containing precursor and oxygen) are preheated to 

a suitable preheating temperature. Of course, the 
exothermicity of the reaction aids in reaching the 
required temperature in all possible process 

variations. 

The inventive process can be carried out 

under various pressures . The reactor can simply be 
maintained at atmospheric pressure during the 
inventive process. It is also possible to maintain 
less than atmospheric pressure (vacuum) within the 
30 reactor or perform the inventive process at a 

pressure of 1 to 10 atm (atmospheres) within the 
reactor . 

Example 1 . Formation of Ti0 2 particles coated with 
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Si0 2 . 

A tubular flow reactor was used at a 
temperature of 1500 °C. Oxygen gas (carrier gas) 
was guided through TiCl 4 to vaporize and introduce 
TiCl 4 into the carrier gas. The resulting gas 
mixture was then introduced into a reactor tube 
with a residence time of less than 10 seconds. 
The gas mixture reacted to form Ti0 2 particles in 

the reactor. 

Liquid SiCl 4 was vaporized by heating at 
25°C and introduced as a vapor into the hot region 
of the reactor using tubes inserted from the exit 
of the reactor. This allowed the SiCl 4 to be 
introduced into the reactor in a region where the 
temperature was near 1500 °C. The SiCl 4 reacted 
both in the gas phase and on the surfaces of the 
formed Ti0 2 particles. The gas phase reaction of 
the metal -containing coating precursor resulted in 
the formation of small metal oxide particles which 
were captured by the Ti0 2 particles and 
incorporated into the surface as a coating by 
sintering. Because of the small size of the metal 
oxide particles, sintering was rapid. The coated 
Ti0 2 pigment particles were collected on a filter 
after exiting the reactor. 

The surface reaction resulted in the 
direct deposition of a uniform continuous coating 
with a thickness of 10 nm as shown by Transmission 
Electron Microscopy. The composition of the 
coating was confirmed by energy dispersive 
spectroscopy which showed only Si and 0. X-ray 
diffraction showed only Ti0 2 and confirmed that 
the coating process did not degrade the properties 
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of the pigment by forming additional undesired 
phases . 

Example 2 . Formation of Ti0 2 particles coated with 

Al 2 0 3 . 

A tubular flow reactor was used at a 
temperature of 1500 °C. Oxygen (carrier gas) was 
guided through TiCl 4 to vaporize and introduce 
TiCl 4 into the carrier gas. The resulting gas 
mixture was then introduced into a reactor tube 
with a residence time of less than 10 sec. The 
gas mixture reacted to form Ti0 2 particles in the 
reactor . 

A1C1 3 was vaporized by heating at less 
than 250 °C and passing a carrier gas over the 
powder. The vapor was introduced into the hot 
region of the reactor using tubes inserted from 
the exit of the reactor. This allowed AlCl, to be 
introduced into the reactor in a region where the 
temperature was near 1500°C. AlCl, reacted both in 
the gas phase and on the surfaces of the formed 
Ti0 2 particles. The gas phase reaction of the 
metal -containing coating precursor AlCl, resulted 
in the formation of small particles of Al 2 0 3 which 
were captured by the Ti0 2 particles and 
incorporated into the surface as a coating by 
sintering. Because of the small size of the Al 2 0 3 
particles, sintering was rapid. The particles 
were collected on a filter after exiting the 
reactor . 

The surface reaction resulted in the 
direct deposition of a uniform continuous coating 
with a thickness of 10 nm as shown by Transmission 
Electron Microscopy. The composition of the 
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coating was confirmed by energy dispersive 
spectroscopy which showed only Al and 0. X-ray 
diffraction showed only Ti0 2 and confirmed that 
the coating process did not degrade the properties 
of the Ti0 2 pigment particles by forming 
additional undesired phases. 

Example 3 . Formation of Ti0 2 particles coated with 
[Si0 2 ] x [Al 2 0 3 ] y . 

A tubular flow reactor was used at a 
temperature of 1500 °C. Oxygen {carrier gas) was 
guided through TiCl 4 to vaporize and introduce 
TiCl 4 into the carrier gas. The resulting gas 
mixture was then introduced into a reactor tube 
with a residence time of less than 10 sec. The 
gas mixture reacted to form Ti0 2 particles in the 

♦ 

reactor. 

SiCl 4 was vaporized by heating at 25°C 
without a carrier gas, and A1C1 3 was vaporized by 
heating at less than 250°C with carrier gas 
flowing over the A1C1 3 powder. The streams were 
combined and introduced as a vapor into the hot 
region of the reactor using tubes inserted from 
the exit of the reactor. This allowed the SiCl 4 
and A1C1 3 to be introduced into the reactor in a 
region where the temperature was near 1500°C. 
SiCl 4 and A1C1 3 reacted both in the gas phase and 
on the surfaces of the particles. The gas phase 
reaction resulted in the formation of small metal 
oxide particles which were captured by the formed 
Ti0 2 particles and incorporated into the surface 
as a coating by sintering. Sintering was rapid 
because of the small size of the metal oxide 
particles. The coated Ti0 2 pigment particles were 
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collected onto a filter after exiting the reactor. 

The surface reaction resulted in the 
direct deposition of a uniform continuous coating 
with a thickness of 10 nm as shown by Transmission 

5 Electron Microscopy. The composition of the 

coating was confirmed by energy dispersive 
spectroscopy which showed only Si, Al and 0. X- 
ray diffraction showed only Ti0 2 and confirmed 
that the coating process did not degrade the 

10 properties of the pigment by forming additional 

undesired phases. 

The present invention is, of course, in 
no way restricted to the specific disclosure of 
the specification, examples and drawings, but also 
15 encompasses any modifications within the scope of 

the appended claims. 
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CLAIMS : 

1. A process for making pigment -grade 
Ti0 2 coated with a metal oxide, said method 
comprising the steps of: 

introducing a thermally decomposable 
volatile titanium- containing precursor into a 
reactor; 

thermally decomposing the titanium- 
containing precursor within the reactor to form 
Ti0 2 pigment particles; 

subsequently injecting at least one 
thermally decomposable volatile metal -containing 
coating precursor into the reactor; and 

reacting the at least one metal - 
containing coating precursor within the reactor to 
form a coating of at least one metal oxide on the 
Ti0 2 pigment particles. 

2. A method according to claim l f 
wherein said coating is selected from the group 
consisting of Si0 2 , Al 2 0 3 , 2r0 2 , and mixed metal 
oxide . 

3. A method according to claim 2, 
wherein the mixed metal oxide is [Si0 2 ] x [Al 2 0 3 ] y . 

4. A method according to claim 1, 
wherein the titanium- containing precursor is 
selected from the group consisting of TiCl 4 , TiBr 4 , 
and Ti(OR) 4 wherein R is an alkyl group. 

5. A method according to claim 1, 
further comprising the step of adding a thermally 
decomposable volatile aluminum- containing compound 
to the titanium- containing precursor to form Al- 
doped Ti0 2 . 

6. A method according to claim l. 
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wherein the metal -containing coating precursor is 
■ selected from the group consisting of SiX 4 , A1X 3 , 
and ZrX 4 , wherein X is Cl, Br or OR. 

7. A method according to claim 6, 
further comprising the step of adding a co- 
reactant to the metal -containing coating 

precursor . 

8. A method according to claim 7, 
wherein the co-reactant is water. 

9. A method according to claim 1, 
wherein the reactor is a tubular flow reactor. 

10. A method according to claim 9, 
further comprising the step of selecting a 
location for an injection element for injecting 
the at least one metal-containing coating 
precursor downstream of a Ti0 2 - formation zone of 
the tubular flow reactor. 

11. A method according to claim 10, 
wherein the injection element is selected from the 
group consisting of a slot, a porous wall element, 
an annular segment of coaxial tube of the tubular 
flow reactor, and a radially extending injection 
port . 

12. A method according to claim 10, 
wherein at least two of the metal -containing 
coating precursors are injected at a single point 
through an injection element selected from the 
group consisting of a slot and a porous wall 
segment . 

13. A method according to claim 1, 
further comprising the step of selecting a 
plurality of locations for injection elements for 
injecting at least two of the metal -containing 
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5 coating precursors downstream of a Ti0 2 - format ion 

zone of the tubular flow reactor to produce a 
coating comprising separate layers of metal 
oxides . 

14. A method according to claim 13 , 
wherein the injection elements are selected from 
the group consisting of a slot, a porous wall 
element, an annular segment of coaxial tube of the 

5 tubular flow reactor, and a radially extending 

injection port. 

15. A method according to claim 13, 
wherein each separate layer of the coating has a 
thickness of 1-100 nm. 

16. A method according to claim 1, 
wherein the coating has a total thickness of 1-100 
nm. 

17. A method according to claim 1, 
wherein the step of thermally decomposing includes 
the step of heating by fuel combustion for 
initiating the formation of Ti0 2 . 

18. A method according to claim 1, 
wherein the step of thermally decomposing includes 
the step of heating by conduction for initiating 
the formation of Ti0 2 . 

19. A method according to claim 1, 
wherein the step of thermally decomposing includes 
the step of heating with a plasma arc for 
initiating the formation of Ti0 2 , . 

20. A method according to claim 1, 
wherein in the step of introducing the titanium- 
containing precursor includes the step of 
selecting a first and a second location of 

5 introduction, • wherein the second location is 
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arranged downstream of the first location. 

21 1 A method according to claim 1, 
wherein the step of introducing includes the step 
of employing a carrier gas, 

22. A method according to claim 1, 
wherein the step of injecting includes the step of 

employing a carrier gas. 

23. A method according to claim 1, 
further comprising the step of collecting the Ti0 2 
pigment particles downstream of the flow reactor. 

24. A method according to claim 1, 
further comprising the step of maintaining 
atmospheric pressure within the reactor. 

25. A method according to claim 1, 
further comprising the step of maintaining less 
than atmospheric pressure within the reactor. 

26. A method according to claim 1, 
further comprising the step of maintaining a 
pressure of 1 to 10 atm within the reactor. 

27. A method according to claim 1, 
wherein the metal -containing coating precursor is 
selected from the group consisting of metal 
alkyls, metal alkenyls, metal alkynes, metal 
allyls , metallocenes , metal cyclopentadienes , 
metal arenes, metal alkoxides, and metal £- 

diketonates . 

28. A method according to claim 1, 
wherein the metal -containing coating precursor is 
selected from the group consisting of metal 
carbonyls, metal oxyhalides, and metal hydrides. 
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AMENDED CLAIMS 

[received by the International Bureau on 07 October 1996 (07.10.96); 
original claims 1, 2, 6 and 17-19 amended; remaining claims unchanged (4 pages)] 

1 . A process for making pigment-grade Ti0 2 coated with 
a metal oxide, said method comprising the steps of: 

introducing a thermally decomposable volatile 
titanium-containing precursor into a reactor; 
5 thermally decomposing in the presence of oxygen the 

titanium-containing precursor within the reactor to form Ti0 2 
pigment particles; 

subsequently injecting at least one thermally 
decomposable volatile metal-containing coating precursor into the 
10 reactor; and 

thermally decomposing in the presence of oxygen the 
at least one metal-containing coating precursor within the reactor 
to form a coating of at least one metal oxide on the Ti0 2 pigment 
particles. 

2. A method according to claim 1 , wherein said coating 
is selected from the group consisting of Si0 2 , Al 2 0 3 , Zr0 2 , and 
mixed metal oxide of at least two of the metals Si, Al, and Zr. 

3. A method according to claim 2, wherein the mixed 
metal oxide is [SiOJJA^OJy. 

4. A method according to claim 1 , wherein the titanium- 
containing precursor is selected from the group consisting of TiCI 4 , 
TiBr 4 , and Ti(OR) 4 wherein R is an alkyl group. 

5. A method according to claim 1 , further comprising 
the step of adding a thermally decomposable volatile aluminum- 
containing compound to the titanium-containing precursor to form 
Al-doped Ti0 2 . 

6. A method according to claim 1 , wherein the metal- 
containing coating precursor is selected from the group consisting 
of SiX 4 , AIX3, and ZrX 4 , wherein X is CI, Br or OR, wherein R is an 
alkyl group. 
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7. A method according to claim 6, further comprising 
the step of adding a co-reactant to the metal-containing coating 
precursor. 

8. A method according to claim 7, wherein the co- 
reactant is water. 

g. A method according to claim 1 , wherein the reactor 

is a tubular flow reactor. 

10. A method according to claim 9, further comprising 
the step of selecting a location for an injection element for 
injecting the at least one metal-containing coating precursor 
downstream of a Ti0 2 -formation zone of the tubular flow reactor. 

11. A method according to claim 10, wherein the 
injection element is selected from the group consisting of a slot, 
a porous wall element, an annular segment of coaxial tube of the 
tubular flow reactor, and a radially extending injection port. 

12. A method according to claim 1 0, wherein at least two 
of the metal-containing coating precursors are injected at a single 
point through an injection element selected from the group 
consisting of a slot and a porous wall segment. 

13. A method according to claim 1, further comprising 
the step of selecting a plurality of locations for injection elements 
for injecting at least two of the metal-containing coating precursors 
downstream of a Ti0 2 -formation zone of the tubular flow reactor 
to produce a coating comprising separate layers of metal 
oxides. 

14. A method according to claim 13, wherein the 
injection elements are selected from the group consisting of a slot, 
a porous wall element, an annular segment of coaxial tube of the 
tubular flow reactor, and a radially extending injection port. 

15. A method according to claim 13, wherein each 
separate layer of the coating has a thickness of 1-100 nm. 

16. A method according to claim 1 , wherein the coating 
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has a total thickness of 1-100 nm. 

17. A method according to claim 1, wherein the step of 
thermally decomposing the titanium-containing precursor includes 
the step of heating by fuel combustion for initiating the formation 
of Ti0 2 . 

18. A method according to claim 1, wherein the step of 
thermally decomposing the titanium-containing precursor includes 
the step of heating by conduction for initiating the formation of 
Ti0 2 . 

19. A method according to claim 1, wherein the step of 
thermally decomposing the titanium-containing precursor includes 
the step of heating with a plasma arc for initiating the formation of 
Ti0 2 . 

20. A method according to claim 1 , wherein in the step 
of introducing the titanium-containing precursor includes the step 
of selecting a first and a second location of introduction, wherein 
the second location is arranged downstream of the first location. 

21. A method according to claim 1, wherein the step of 
introducing includes the step of employing a carrier gas. 

22. A method according to claim 1, wherein the step of 
injecting includes the step of employing a carrier gas. 

23. A method according to claim 1, further comprising 
the step of collecting the Ti0 2 pigment particles downstream of the 
flow reactor. 

24. A method according to claim 1 , further comprising 
the step of maintaining atmospheric pressure within the reactor. 

25. A method according to claim 1, further comprising 
the step of maintaining less than atmospheric pressure within the 
reactor. 

26. A method according to claim 1, further comprising 
the step of maintaining a pressure of 1 to 10 atm within the 
reactor. 
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27. A method according to claim 1, wherein the metal- 
containing coating precursor is selected from the group consisting 
of metal alkyls, metal alkenyls, metal alkynes, metal allyls, 
metallocenes, metal cyclopentadienes, metal arenes, metal 
alkoxides, and metal B-diketonates. 

28. A method according to claim 1, wherein the metal- 
containing coating precursor is selected from the group consisting 
of metal carbonyls, metal oxyhalides, and metal hydrides. 
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